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SUBSTRUCTURE ANALYSIS OF THE BACTERIAL ANTENNA L H II 
BY NONLINEAR POLARIZATTON SPECTROSCOPY 
IN THE FREQUENCY DOMAIN 
D. Leupold, B. Voigt, F. Nowak, J. Ehlert, and J. Hirsch 
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D - 1 2 4 7 4 B e r l i n , G e r m a n y 
E. Neef 
H a u s N a t u r u n d U m w e l t , D - I 2 4 5 9 B e r l i n , G e r m a n y 
M. Bandilla and H. Scheer 
B o t a n i s c h e s I n s t i t u t , Ludwig-Maximilians-Universität München, 
D - 8 0 6 3 8 München, G e r m a n y 
For the nonlinear polarization spectroscopy in the frequency domain 
(NLPF) , line shape formulas are given for the cases of a homogeneously 
broadened as well as an extremely inhomogeneously broadened absorption 
band, for the intermediate case, and for a superposition of several bands. 
As experimental examples of the latter case, N L P F line shapes for the 8 5 0 
nm part of the light-harvesting antenna L H II of R h . s p h a e r o i d e s are presented. 
A t room temperature at least 3 subbands are clearly resolved for the first 
time. Their phase relaxation times are about 3 0 fs, corresponding to homo-
geneous widths around 3 0 0 cm" 1 . 
1. Introduction 
Substructures of absorption bands of photosyn-
thetic pigment-protein complexes are of consider-
able interest. They can be used to distinguish 
various binding Sites and contain information on 
excited-state dynamics. Although the subject has 
been investigated for decades, there is up to now 
a lack of methods which can give direct evidence 
of subbands (or their absence) at physiologically 
relevant room temperature. We are currently 
exploring the potential of a method, which can 
yield this information, viz. nonlinear polarization 
spectroscopy in the frequency domain (NLPF) . In 
the following, a summary is given on the principal 
information content of N L P F spectra, and results 
obtained in the 8 5 0 nm band of the bacterial 
antenna L H II ( B 8 0 0 - 8 5 0 ) are discussed. 
2. N L P F : method and its information content 
The principle of the N L P F is shown in Fig. 1. 
The sample is probed by a linearly polarized highly 
monochromatic probe beam at a fixed wavelength 
located in the spectral region of the absorption 
band to be analysed. This beam reaches the sample 
via a polarizer and is blocked behind it by a 
perpendicularly oriented polarizer. The sample is 
pumped by a second linearly polarized, highly 
monochromatic (pump) beam polarized at an angle 
of 4 5 ° with respect to the polarization of the 
probe beam and with its wavelength £!f located 
somewhere in the region of the same electronic 
transition. It crosses the probe beam nearly parallel 
in the opposite direction within the sample. A t 
sufficient intensity of the pump beam, nonlinear 
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Fig. 1. The principle of nonlinear polarization spectroscopy in the frequency domain. The probe wave is linearly polarized at 45° 
to the linearly polarized pump beam. The pump beam induces dichroism and birefringence in the sample. The dichroism and 
birefringence lead to a component orthogonal to the initial probe polarization. This orthogonal component of the probe wave is 
the signal of the nonlinear polarization spectroscopy 
interaction in the sample induces dichroism and 
birefringence and gives rise to a certain polariz-
ation component at X ^ orthogonal to the original 
polarization. The intensity of this signal is 
measured behind the second polarizer. The pump 
beam X ^ is tuned over the spectral ränge of the 
absorption band under investigation including the 
resonance case X™ = A-§* to yield the N L P F 
spectrum. Both beams are obtained from tunable 
dye lasers, whose pulse durations are greater than 
the longest excited-state relaxation time of the 
System under investigation (stationary N L P F ) . The 
principle of the experimental set-up is given in 
[1], for the present measurements it was improved 
by using (i) a pair of selected polarizers, (ii) 
narrow band dye lasers, and (iii) a photomultiplier 
instead of a photodiode as detector. The details 
wil l be given elsewhere (Voigt et al., in prep-
aration). 
The information content of the N L P F line 
shapes can be analysed for model Systems by 
solving the equations of motion of the density 
matrix of interest by the third-order perturbation 
theory [2-4]. In the following, a Short description 
is given of the theoretical results for four 
exemplary situations, viz. a Single homogeneously 
broadened absorption band, an extremely in-
homogeneously broadened band, the intermediate 
case of moderateiy inhomogeneous broadening, as 
well as the case of several overlapping, homoge-
neously broadened bands (heterogeneous broaden-
ing). The latter case is of special interest with 
respect to the substructure analysis of the 850 nm 
absorption band of L H II. 
In the following the theoretical line shape 
functions are given for these four cases. Also some 
general rules are given for the shape and the 
information content, which are derived from these 
formulas. 
The following notation wil l be used: y = T^1, 
T = 7*21, co = 2 x c X ~ l > c o x is the pump beam 
frequency (variable), c o 2 is the probe beam 
frequency (ftxed), <o0 is the centre frequency of 
the electron transition, c o L is the peak frequency, 
<5 is half of F W H M of the distribution function 
of centre frequencies of the electron transition, 
A = c o l — a>2> 0 0 a b ~ ~~ w b > r + = T + c5, and a is 
a factor independent of cu1, c o 2 y and T. 
2 . 1 . Case a : S i n g l e , homogeneously b r o a d e n e d 
a b s o r p t i o n b a n d 
S^(A;CÜ02)T) = r + ico. -I" c.c. Ol 
+ y + i A 
1 
r + ico. 02 r — ico. 01 
A n absorption band of an ensemble of species 
is called homogeneously broadened, if the 
bandshape of an individual species is identical with 
the shape of the global absorption band, which 
in this case is of the Lorentzian type. 
If the maximum of this absorption band is 
located at X 0 and X$£ * A 0 , then the N P L F line 
shape usually shows two maxima, one at resonance 
X™r = X$f, the other at X { a r = X 0 . A n example 
of a theoretical N L P F line shape in the case of 
homogeneous brodening is shown in Fig. 2 a . It 
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Fig. 2. Examples of N L P F line shapes, calculated according to the formulas given in the text (see text for denotations). 
( A ) : ( y « 1, T = 20, a ) 0 - a > 2 - -20), Single, homogeneously broadened band (case a), • • • Single, extremely inhomogeneously 
broadened band (case b)7 and Single, moderately inhomogeneously broadened band (case c, with S = T). (B): hetcrogeneous 
broadening (case d) with y = 1 and co0{ - Ü>2 - -30, a x = 1, I \ = 10; O J 0 2 - ( O 2 = -10, a 2 = 0.7, T 2 = 10; and a > 0 3 - a>2 = 20, 
a 3 = 0.5, T 3 = 10 (frequencies are given in 101 2 s"1 
varies distinctly with changes in the location of 
X ^ \ if in particular X 2 is located at the half width 
of the absorption band, then both N L P F maxima 
are of the same height. 
2.2. Case b: S i n g l e , e x t r e m e l y i n h o m o g e n e o u s l y 
b r o a d e n e d b a n d 
S^h\A) = a 
A 2 , A 2 4y + A 
( 4 r 2 + A 2 ) ( y 2 + A 2 ) 
The overall absorption band of an ensemble 
of species is callcd extremely inhomogeneously 
broadened, if the width of the distribution funetion 
of the centre (maximum) wavelengths of all 
individual absorption transitions is much larger 
than the homogeneous width of each of them. 
The overall absorption band then is of the 
Gaussian type. 
In this case, the N L P F line shape consists of 
a Single, Symmetrie signal centred at X \ a r = )f2, 
and there is no 'fingerprint* of the overall 
absorption band maximum (Fig. 2 a ) . In this 
simplest case of a N L P F line shape, the energy 
relaxation (longitudinal relaxation) time T1 is 
reflected in the half width of the signal, and the 
phase relaxation (transverse relaxation) time T2 in 
the wings. Especially, in the common case of 
Tx » 7 2 , in particular the energy relaxation time 
can be obtained directly from the füll width at 
half of maximum ( F W H M ) of the N L P F signal: 
( T j ) " 1 = ( 2 v T ) _ 1 x ( F W H M ) . 
In this and the following case it is assumed that 
there is no spectral cross-relaxation ( 7 3 = «>). 
2.3. Case c: S i n g l e , m o d e r a t e l y i n h o m o g e n e o u s l y 
b r o a d e n e d b a n d 
a 
' 2 h 
y - to1L (y + / A ) ( T + - to2L) [ r y + i A j ( f + + to1L) ( 2 T + iA) 
We call the overall absorption band of an 
ensemble of species moderately inhomogeneously 
broadened, if the distribution funetion of the centre 
wavelengths of the individual transitions has 
properties between those of the limiting cases b 
and a . (In the latter case, the distribution funetion 
is degenerated to a delta-function). In this 
intermediate case, the overall absorption band 
shape is of the Voigt type, i . e. a convolution of 
a Gaussian with a Lorentzian. 
The possible N L P F line shape in case c varies 
between the limiting cases of the N L P F line shapes 
for a and b, an additionai characteristic is the 
width of the distribution funetion. For mathemat-
ical reasons, a Lorentzian distribution funetion was 
used [4]. A n example of a N L P F line shape for 
case c is shown in Fig. T b . 
2 . 4 . Case d: heterogeneous b r o a d e n i n g 
rn 
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The values of T2 and the corresponding 
homogeneous width of these subbands are 30 fs 
and 300 cm" 1 , respectively. Treliminary* in this 
context means that these values were obtained 
from only a few selected but representative sets 
of measurements out of larger series and fitted 
individually according to the line shape formula 
of case d. A global analysis is in progress to fit 
the N L P F line shapes for the several probe 
wavelengths simultaneously. A quantitative analysis, 
in particular with regard to the error limits for 
the centre wavelengths of the subbands and definite 
differences in the spectroscopic substructures 
between the complex and the chromatophore, is 
therefore pending. 
There is further information in these N L P F 
Signals. Measurements with the highest spectral 
resolution in the pump beam region around 
\ v ™ = A§* show that the N L P F maximum is not 
located exactly at the resonance of both beams, 
but rather shows a minor ( - 1 Ä) but distinct 
shift. This is true for the B800-850 complex as 
well as for the chromatophores. This shift is an 
indication of spectral cross-relaxation [4], which 
means that the subbands are not purely 
homogeneous, but there is a contribution of 
inhomogeneous broadening. Consequently, each of 
the subbands has to be described by case c, and 
the complete line shape analysis for the complex 
as weil as the chromatophores has to be based 
on a superposition formula analogous to case d. 
This is attempted presently in our global analysis, 
too. A preliminary qualitative result with both 
samples is that for each subband the inhomoge-
neous width is smaller than the homogeneous 
width. 
Last but not least, it should be pointed out 
that N L P F line shapes also contain information 
on the following problems of special interest for 
photosynthetic antennas (Leupold et al., in prepa-
ration): 
(i) energy transfer between the species repre-
sented by the subbands, 
(ii) whether a subband belongs to an 'isolated* 
species or participates in excitonic interactions, 
(iii) exciton annihilation and/or biexcitonic 
excitation in the subbands (substructures). 
The results concerning (i) and (ii) can be 
derived by proper location of the probe beam 
wavelengths, those concerning (iii) by proper 
Variation of the pump beam intensity. 
4. Concluding remarks 
As has been shown above, the N L P F method 
is well suited to characterize the type of absorption 
band broadening of organic molecules and to 
analyse a possible band substructure in the case 
of complex, composite samples. This is especially 
valuable for biological materials, because the N L P F 
method works at room temperature. Therefore, 
extensions of the work to modified and other 
antennas, also from higher plants, are currently 
under investigation. Another interesting route of 
investigation would be to bridge the gap to the 
well-established low-temperature method of hole 
burning (for review see [8]). 
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